The small natural product rapamycin, when bound to FKBP12, is a potent inhibitor of an evolutionarily conserved Target of Rapamycin Complex 1 (TORC1), which plays a central role in mediating cellular response to nutrient availability. Given the prominent role of TORC1 in cell growth and proliferation, clinical trials have explored the possibility of using rapamycin as an anticancer agent. Unfortunately, the percentage of patients responding favorably has been low, intensifying the need to find biomarkers able to predict rapamycin sensitivity or resistance. In this study, we elucidate the molecular mechanism underlying partial rapamycin resistance in yeast. Using the yeast deletion collection, we identified 15 deletion strains leading to partial rapamycin resistance. Among these were Cu/Zn-superoxide dismutase Sod1, copper transporter Ctr1, and copper chaperone Lys7, suggesting a role for oxidative stress in rapamycin resistance. Further analysis revealed that all 15 strains exhibit elevated levels of superoxide anions, and we show that elevated levels of reactive oxygen species specifically modify TORC1 such that it is no longer able to fully bind FKBP12:rapamycin. Therefore, elevated oxidative stress modifies TORC1 and prevents its binding to the FKBP12:rapamycin complex, ultimately leading to rapamycin resistance. These results warrant an examination into whether similar reasons explain rapamycin resistance observed in various clinical samples.
The small natural product rapamycin, when bound to FKBP12, is a potent inhibitor of an evolutionarily conserved Target of Rapamycin Complex 1 (TORC1), which plays a central role in mediating cellular response to nutrient availability. Given the prominent role of TORC1 in cell growth and proliferation, clinical trials have explored the possibility of using rapamycin as an anticancer agent. Unfortunately, the percentage of patients responding favorably has been low, intensifying the need to find biomarkers able to predict rapamycin sensitivity or resistance. In this study, we elucidate the molecular mechanism underlying partial rapamycin resistance in yeast. Using the yeast deletion collection, we identified 15 deletion strains leading to partial rapamycin resistance. Among these were Cu/Zn-superoxide dismutase Sod1, copper transporter Ctr1, and copper chaperone Lys7, suggesting a role for oxidative stress in rapamycin resistance. Further analysis revealed that all 15 strains exhibit elevated levels of superoxide anions, and we show that elevated levels of reactive oxygen species specifically modify TORC1 such that it is no longer able to fully bind FKBP12:rapamycin. Therefore, elevated oxidative stress modifies TORC1 and prevents its binding to the FKBP12:rapamycin complex, ultimately leading to rapamycin resistance. These results warrant an examination into whether similar reasons explain rapamycin resistance observed in various clinical samples.
Gln3 ͉ rapamycin resistance ͉ ROS ͉ Sod1 I n recent years, rapamycin and its analogs have garnered a great deal of interest as chemotherapeutics. Rapamycin first binds a small intracellular protein, FKBP12, forming an FKBP12:rapamycin complex that then tightly binds to TOR kinase. TOR coordinates cell growth and proliferation in response to nutrients present in the microenvironment (1, 2) . Purification of TOR from yeast and human cells revealed that TOR can exist in at least two multiprotein complexes. In one, termed TORC1, TOR is associated with raptor; and in the other, termed TORC2, TOR is associated with rictor (3, 4) . Interestingly, unlike TORC1, TORC2 cannot be directly inhibited by rapamycin (5, 6) . TORC1 and TORC2 appear to have differing substrate specificities both in yeast and human cells (3, 7) . TORC1 has been shown to control a diverse set of effector pathways, such as ribosome biogenesis, nutrient catabolism and transport, stress response, and autophagy (1) .
In most cell types, rapamycin reaches its full effect at low nanomolar concentrations, as measured by the phosphorylation state of mammalian TORC1 substrate pThr389 S6K1 (8, 9) . However, rapamycin sensitivity can vary widely between different tissues and cell lines (10, 11) . For example, among the National Cancer Institute human tumor cell line panel of 60 cell lines, only 13 have a half-maximal inhibitory concentration (IC 50 ) below 20 nM, whereas 14 have an IC 50 higher than 1,000 nM (see http:// dtp.nci.nih.gov). Correspondingly, the results from early clinical studies using rapamycins as anticancer agents have been mixed. Among 21 patients, the rapamycin analog CCI-779 showed partial activity in only one patient against metastatic melanoma (12) . In treating recurrent glioblastoma, only 7.8% of patients showed progression-free survival at 6 months (13), and CCI-779 had a response rate of 38% in patients with mantle cell lymphoma (14) . A recent large-scale phase 3 study with the rapamycin analog Temsirolimus for the treatment of renal cell carcinoma (RCC) showed an objective response rate of 8.6% and median overall survival of 10.9 months (15). These results were an improvement over the efficacy of IFN alpha, which was the main treatment option for RCC, and led to the approval of Temsirolimus for treatment of RCC by the Food and Drug Administration in 2007. Recently, clinical trials have used the phosphorylation state of pSer 240/244 on S6 as a marker to determine the efficacy of rapamycin (16) (17) (18) . However, care must be exercised with interpreting these data, as S6K1 (a kinase for pSer240/244 S6 and a direct substrate of TORC1) phosphorylation is much more sensitive to rapamycin treatment than cell proliferation (8) . Similarly, even at high concentrations of rapamycin, yeast cells maintain their proliferative ability, albeit slow, whereas the TORC1 activity toward its substrate Sch9 is abolished (7) . Further, inactivation of TORC1 by rapamycin treatment or deletion of Kog1 (yeast raptor) is not congruent. Kog1, which is an integral TORC1 component not shared with TORC2, is an essential gene, whereas treatment of cells with rapamycin only leads to a cytostatic decrease in proliferation. This suggests that either rapamycin is not able to completely abolish TORC1 activity or that raptor has an essential function beyond TORC1. Clearly, our understanding of TORC1 inhibition by rapamycin is incomplete, especially the relationship between TORC1 kinase activity and cell proliferation. Uncovering these details would enable clinicians to predict a priori whether a particular tumor is sensitive or resistant to rapamycin, and therefore help to define the pool of patients most likely to benefit from a rapamycin treatment regimen.
As the TORC1 complex and its role in mediating the signal about nutrient availability are conserved from yeast to humans, we sought to characterize the molecular mechanism of partial rapamycin resistance in yeast. Here, we demonstrate that elevated levels of superoxide anions modify yeast TORC1 such that it is no longer fully able to be inhibited by the FKBP12:rapamycin complex, and the cells with elevated oxidative stress are therefore partially rapamycin resistant.
Results

Identification of Rapamycin-Resistant and Sensitive Deletion Strains.
Rapamycin treatment leads to inhibition of cell growth and proliferation. To find genetic determinants that might explain the wide range of rapamycin sensitivity, we performed a genetic screen in yeast for genes that affect the degree of rapamycin toxicity using the yeast deletion collection (19) . We grew pooled deletion strains in the presence of 7.5 ng/ml (6.9 nM) of rapamycin for 36 h and collected time points at every 12 h. As expected, the strain missing the rapamycin receptor FKBP12 (encoded by FPR1 in yeast) exhibited strong rapamycin resistance (Fig. 1A) . In total, we identified 16 rapamycin-resistant deletion strains, including the fpr1⌬ strain (Table 1) . By and large, most of these deletion strains have been identified in previous genome-wide screens (20, 21) , yet the nature of this resistance has remained unknown. There were two clear categories of resistant strains. One is composed of strains missing components responsible for activity of transcription factor Gln3, which promotes transcription of nitrogen catabolite repression genes upon nitrogen starvation or rapamycin treatment. The second category is composed of strains responsible for detoxifying superoxide anions: Cu/Zn-superoxide dismutase Sod1 and its auxiliary proteins copper transporter Ctr1 and copper chaperone Lys7 (22) . Besides resistance conferring deletions, we also identified deletion strains that exhibit rapamycin hypersensitivity. In particular, a set of genes encoding proteins necessary for de novo biosynthesis of serine, threonine, and glycine exhibited strong rapamycin sensitivity (Table 1) .
To establish a molecular understanding of rapamycin resistance, we decided to further characterize gln3⌬ and sod1⌬ strains with respect to rapamycin treatment. Both gln3⌬ and sod1⌬ cells are partially rapamycin resistant, with a maximal doubling time of about 180 min compared with that of about 260 min for WT cells ( Fig. 1  B and C) . The observation that the doubling time of the two mutant strains reaches a plateau and remains lower than the doubling time of WT cells at increasing concentrations of rapamycin suggests that resistance in gln3⌬ and sod1⌬ strains is not a result of differences in the transport or metabolism of rapamycin.
Characterization of the Rapamycin Response in sod1⌬ and gln3⌬
Strains. To obtain an understanding of how rapamycin resistance is achieved in gln3⌬ and sod1⌬ strains, we examined whether some or all of the TORC1 effector pathways are repressed in response to rapamycin treatment. First, we examined the gene expression profile elicited by rapamycin in gln3⌬ and sod1⌬ strains. Rapamycin treatment leads to a robust activation of nitrogen catabolismrelated genes and to inactivation of genes responsible for ribosome biogenesis (23) . We reasoned that if rapamycin resistance in the gln3⌬ and sod1⌬ strains is caused by universal dampening of rapamycin response, then one would expect the activation of nitrogen catabolism enzymes and inactivation of ribosomal genes to be less robust in gln3⌬ and sod1⌬ strains. Indeed, we find that genes induced by rapamycin are induced less in gln3⌬ and sod1⌬ strains and, conversely, genes that are repressed by rapamycin are repressed less in those two strains ( Fig. 2 A and B) . We have verified these findings by repeating the microarray experiment and by performing RT-PCR on individual transcripts (data not shown). Therefore, rapamycin appears to be uniformly less potent in activating or repressing transcriptional response in gln3⌬ and sod1⌬ strains.
Second, we examined the effect of rapamycin on inactivating amino acid transporters in gln3⌬ and sod1⌬ strains. As noted in Table 1 , several of the rapamycin-hypersensitive strains lack Thr, Leu, and Gly biosynthesis genes. Therefore, rapamycin appears to be inactivating transporters responsible for importing these amino acids into cells. We decided to determine whether this inactivation is dampened in gln3⌬ and sod1⌬ cells. When WT cells are treated with rapamycin, their uptake of radiolabeled Thr is almost completely abolished (Fig. 2C) . However, the same treatment leads to only a moderate decrease in Thr uptake in gln3⌬ and sod1⌬ strains. To functionally verify these data, we tested whether deletion of GLN3 or SOD1 from a strain that is missing one of the amino acid biosynthesis genes shown in Table 1 would rescue the rapamycin hypersensitivity phenotype. Deletion of HOM2, which catalyzes the second step in threonine biosynthesis, renders cells completely unable to grow in the presence of rapamycin, whereas hom2⌬ gln3⌬ and hom2⌬ sod1⌬ cells grow normally (Fig. 2D) . Therefore, we conclude that rapamycin fails to fully inactivate Thr import activity in gln3⌬ and sod1⌬ strains. These results suggest that rapamycin is universally less toxic to gln3⌬ and sod1⌬ cells than to WT cells.
Fpr1:Rapamycin Complex Binds TOR Kinases More Weakly in Resistant
Strains. The results from the previous section suggest when rapamycin-resistant gln3⌬ and sod1⌬ cells are treated with rapamycin, they respond to the drug, but the magnitude of the response appears diminished. To account for this observation, we tested whether Fpr1:rapamycin complex is fully able to bind to TOR kinase. To test this, we immunoprecipitated genomically epitope-tagged Fpr1 from WT, gln3⌬, and sod1⌬ cells treated with rapamycin, then separated the immunoprecipitates electrophoretically by SDS/ PAGE and determined the amount of TOR kinase bound to Fpr1 immunoprecipitates. Yeast, through an ancient genome duplication event, has two TOR kinases: Tor1 and Tor2. We first determined the total amount of TOR immunoprecipitated by Fpr1 by staining the gel with Sypro Ruby stain. Since Tor1 and Tor2 are large Ϸ280-kDa proteins with exactly the same molecular weight, this stain will detect the sum total of Tor1 and Tor2 kinase bound to Fpr1. As expected, in the absence of rapamycin, no binding takes place, whereas the inclusion of rapamycin in the media leads to an association of Fpr1 and TOR kinases (Fig. 3A, Top) . Consistent with the incomplete binding model, this association is weakened in the gln3⌬ and sod1⌬ strains, where Fpr1 and TOR kinases associate Ϸ60% as much as in the WT strain (Fig. 3B) . When the immunoprecipitates are probed with Tor1 and Tor2 antibodies, we find that in both resistant strains Fpr1 binds to Tor1 and Tor2 at about 70% and 20%, respectively, as much as in the WT cells (Fig. 3A , Second and Third). Interestingly, both sod1⌬ and gln3⌬ cells exhibit remarkably similar binding capacities between the Fpr1:rapamycin complex and TOR kinases. In the analysis, we also determined that in tor1⌬ cells there is an increase in binding between Fpr1 and Tor2 kinase. This finding is consistent with previous observations that the tor1⌬ strain is rapamycin hypersensitive (24) . These data clearly demonstrate that in sod1⌬ and gln3⌬ strains, the Fpr1:rapamycin complex is somehow prevented from binding to the TOR kinases and, presumably, this finding explains why these strains are rapamycin resistant.
All Rapamycin-Resistant Strains Have Elevated Levels of Superoxide
Anions. What prevents the Fpr1:rapamycin complex from binding to TOR kinases in rapamycin-resistant strains? The finding that the absence of Cu,Zn-superoxide dismutase Sod1, copper chaperone Lys7, and copper transporter Ctr1 renders cells rapamycin resistant suggests that the elevated levels of superoxide anions might somehow prevent the Fpr1:rapamycin complex from inhibiting TOR kinases. Since the gln3⌬ strain exhibits a similar inability to form a Fpr1:rapamycin:TOR complex, we speculated that gln3⌬ cells might also possess elevated levels of superoxide anions, which confer rapamycin resistance by the same mechanism as in the sod1⌬ cells. Gln3 is responsible for transcription of glutamate dehydrogenase and glutamine synthetase, enzymes necessary for converting a trichloroacetic acid (TCA) cycle intermediate ␣-ketoglutarate to glutamate and glutamine (25) . Possibly, the absence of Gln3 would increase the flux through the TCA cycle by abolishing the ␣-ketoglutarate3glutamate3glutamine shunt pathway, thereby increasing the amount of NADH and FADH 2 electron donors produced and delivered to the electron transport chain. When we measured the oxidative stress level with a superoxide anionsensitive probe, dihydroethidium (26), we found that, indeed, both sod1⌬ and gln3⌬ cells exhibit elevated levels of superoxide anions (Fig. 4A) . Furthermore, we found that all 15 rapamycin-resistant strains exhibit elevated levels of superoxide anions (Fig. 4B) , suggesting that these strains all share a common mechanism of achieving rapamycin resistance.
The inclusion of compounds leading to oxidative stress in the growth media can also prevent the Fpr1:rapamycin complex from binding to TOR kinases. Farnesol, which leads to superoxide anion production via indirect inhibition of the mitochondrial electron transport chain (27) , and hydrogen peroxide, a strong oxidizing agent, can inhibit the binding (Fig. 4C ). In fact, farnesol can dose-dependently increase the level of superoxide anions without affecting cell proliferation. To determine whether this increase in the level of superoxide anions can lead to a corresponding reduction in rapamycin toxicity, we grew WT cells in the presence of a constant concentration of rapamycin and increasing concentrations of farnesol and measured the doubling time of cells. As expected, farnesol can dose-dependently rescue rapamycin toxicity (Fig. 4D) . These findings suggest a universal mechanism for all rapamycinresistant strains: The elevated levels of superoxide anions prevent Fig. 3 . Fpr1:rapamycin complex can only partially bind to TOR kinases in sod1⌬ and gln3⌬ strains. (A) Indicated deletion strains expressing genomic Fpr1-HA were grown in the absence (only WT) or presence of 5 ng/ml rapamycin for 2 h. Anti-HA immunoprecipitates were separated on SDS/PAGE gel, and the blots were used to detect indicated proteins. Sypro Ruby stain was used on a separate gel to detect a band corresponding to TOR kinases. (B) Quantitation of three separate experiments, as in A. Asterisk denotes a difference of P Ͻ 0.01 compared with WT (determined by Student t-test). Table 1 . Median autofluorescence (no DHE) was subtracted from the median fluorescence of DHE-treated cells. At least three replicates were performed for each strain. WT and gat1⌬ strains served as controls. Asterisk indicates a difference of P Ͻ 0.001 compared with WT (determined by Student t-test). (C) WT strain with genomically tagged Fpr1 was grown in the presence of 5 ng/ml rapamycin and either 500 M farnesol or 2 mM hydrogen peroxide for 2 h. Fpr1 was immunoprecipitated and probed for Tor1 and Tor2. We were unable to determine Tor2 levels in WCL in these experiments. (D) Diploid WT cells were grown in the presence of a constant amount of rapamycin (10 ng/ml) and indicated concentrations of farnesol. For each concentration combination, doubling time was determined. A separate aliquot of cells was also stained with DHE, as in B.
the formation of the Fpr1:rapamycin:TOR complex. We know from the rapamycin titration profile (Fig. 1C ) that rapamycin itself does not limit the complex formation, and therefore either Fpr1 or TOR is modified by elevated levels of superoxide anions.
Rapamycin-Resistant Strains Possess Modified TOR Kinase That Pre-
vents Fpr1:Rapamycin Binding. To experimentally determine whether superoxide anions regulate Fpr1 or TOR, we performed two experiments. First, we overexpressed Fpr1 in WT and gln3⌬ strains and examined whether this overexpression increases rapamycin sensitivity. If elevated levels of superoxide anions render a fraction of Fpr1 incapable of binding rapamycin and TOR then, presumably, an overexpression of Fpr1 would shift the equilibrium in favor of the Fpr1:rapamycin:TOR complex formation, and hence render cells more rapamycin-sensitive. However, if TOR were modified by superoxide anions in the gln3⌬ strain, then overexpression of Fpr1 would have no effect on rapamycin toxicity in gln3⌬ strains. Experimentally, we observed the latter case, suggesting that Fpr1 is not limiting and TOR is modified in the rapamycinresistant cells (Fig. 5A ). We were unable to perform this experiment with sod1⌬ cells, since the overexpression plasmid used a hygromycin B resistance marker, and sod1⌬ cells grew very poorly in the presence of both rapamycin and hygromycin B (data not shown).
Second, to verify that TOR kinase is modified in strains with elevated levels of superoxide anions, we performed an in vitro lysate binding assay between solid-support attached Fpr1 and TOR kinase from whole-cell lysate (WCL) of either WT, gln3⌬, or sod1⌬ cells in the presence of rapamycin. If TOR kinase is modified in gln3⌬ and sod1⌬ cells, as the Fpr1 overexpression data suggest, then less TOR from the WCL of the two mutants should bind to Fpr1 in the presence of rapamycin than when WCL from WT cells is used. We incubated Fpr1-agarose beads with WCL from WT, gln3⌬, and sod1⌬ strains in rapamycin containing lysis buffer. (All three strains were of fpr1⌬ background to prevent the endogenous Fpr1 from binding TOR). We then washed away unbound lysate and determined the binding of Tor1 to Fpr1-agarose beads. We were unable to detect bound Tor2, presumably because the antigen affinity of the Tor2 antibody is poor compared with the Tor1 antibody. Tor1 from gln3⌬ and sod1⌬ cells binds to Fpr1-agarose beads at only Ϸ62% of WT levels (Fig. 5B, compare lane 3 to lanes 5 and 7) . The degree of reduced binding in sod1⌬ and gln3⌬ strains is remarkably similar between the in vivo and in vitro lysate results. These results show that elevated levels of superoxide anions modify the TOR kinase and that this modification prevents the Fpr1:rapamycin complex from binding and inhibiting TORC1. As a result, these cells exhibit partial rapamycin resistance.
Discussion
As the TOR pathway is conserved from yeast to human, we speculated that a dissection of the molecular mechanism of rapamycin resistance in yeast might provide clues to the variation observed in human cancers. Numerous yeast studies have revealed mutants that are rapamycin resistant yet, apart from mutations in Fpr1 and Tor1/2, the molecular reasons for this effect have remained elusive. Our results suggest that care must be exercised when rapamycin is used to inhibit TORC1 in rapamycin-resistant cells, as the resistance might be due to posttranslational modification of TORC1, and full inactivation of TORC1 is not achieved.
TORC1 regulation by oxidative stress has been demonstrated in both yeast and human cells (28) (29) (30) . Chemically induced oxidative stress leads to activation of TORC1 in mammalian cells, although it is not clear whether this regulation is physiologically relevant. Quantitatively measuring yeast TORC1 activity has remained challenging, as until recently there were no known direct substrates of TORC1. It remains to be determined whether the TORC1 activity is altered in rapamycin-resistant mutants. Also, a previous report has suggested a role for oxidizing environment for intramolecular disulfide bond formation within yeast Tor1, and these disulfide bonds were shown to be responsible for Tor1 stability (30) . In our study, we did not observe changes in Tor1 stability in rapamycinresistant mutants, suggesting a different mechanism for redox regulation of TORC1. Also, rapamycin-resistant sod1⌬ and gln3⌬ strains did not exhibit altered Kog1 and Lst8 association with TORC1 (data not shown). Further studies must address the mechanism of redox regulation of TORC1 and its role in preventing rapamycin binding to TORC1.
The role of oxidative stress in cancer cells is well established (31) , and whether it could serve as a predictor of rapamycin sensitivity in cancer remains to be seen. Reexamination of previous studies using in vitro cancer cell lines suggests that rapamycin resistance might arise from the inability of FKBP12:rapamycin to bind mTOR. For instance, rapamycin is much less effective in inhibiting the phosphorylation activity of mTORC1 toward Thr-389 S6K1 in rapamycin-resistant breast cancer cell line MDA-MB-231 than on rapamycin-sensitive cell line MCF7 (8, 10) . Direct studies exploring the binding of the FKBP12:rapamycin complex to mTOR and correlating these results with oxidative stress and rapamycin resistance could prove very valuable in defining the clinical uses for rapamycin.
Materials and Methods
Strains, Media, and Reagents. Saccharomyces cerevisiae strains used in this study are of S288c background. Sod1 and Gln3 were deleted by homologous recombination from the MAT A hom2⌬ deletion strain using hygromycin B marker (hph) from pAG26 (32) . Fpr1 was genomically HA tagged using pFA6a-3HA-His3MX6 (33) in indicated haploid MAT A deletion strains. Cells were grown in rich YPD (1% yeast extract, 2% peptone, and 2% glucose) medium at 30°C. Antibodies were obtained from the following sources: Tor1, Tor2, and mouse myc from Santa Cruz Biotechnology; rabbit HA from Bethyl Laboratories; and actin from MP Biomedicals. Rapamycin, farnesol, and hydrogen peroxide were purchased from Sigma.
Deletion Collection Screen.
A frozen aliquot of about 20 million cells, made up of 4,757 nonessential diploid knockouts, was allowed to recover in YPD media for 6 h. Rapamycin was added to a final concentration of 7.5 ng/ml, and cells were collected every 12 h. Cultures were kept at logarithmic growth phase. Genomic DNA was isolated by lysis with glass beads followed by phenol/ethanol extraction. The UPTAG and DNTAG molecular bar codes were amplified from Ϸ0.2 g of genomic DNA in two separate reactions using biotinylated primers. Amplified UPTAG and DNTAG sequences were combined and used to probe high-density oligonucleotide arrays (Affymetrix Tag3 arrays) at 42°C for 16 h. Washing, staining, and scanning of arrays were performed as previously described (19) .
Gene Expression Profile. Rapamycin was added to 150 ml (OD600 ϭ 0.5) of exponentially growing diploid strains to a final concentration of 20 ng/ml for 30 min. Cultures were quickly spun down and cells stored at -80°C until use. mRNA isolation, cDNA synthesis and labeling, and array processing was done as previously described (34) .
[ 3 H]Thr Uptake Assay. Exponentially growing diploid cells received either no rapamycin or 5 ng/ml rapamycin in YPD. After 3 h, 0.1 OD600 units of cells (corresponding to Ϸ2 million cells) was washed with media containing 2% glucose and 0.67% yeast nitrogen base without amino acids. Cells were inoculated in 7.5 ml of this media, and 2.5 Ci of [ 3 H]threonine (Amersham) was added. At indicated time points, 1 ml cells was vacuum filtered onto nitrocellulose filters (Whatman glass microfiber filters, diameter 25 mm) and washed twice with 5 ml PBS. Retained radioactivity was determined by liquid scintillation method. After the last time point, OD 600 was determined, and it never differed more than 5% between cultures. The blank sample contained 1 ml vacuum-filtered and washed cells without radioactivity.
Cell Lysis, Immunoprecipitation, and Immunoblotting. Exponentially growing cells (OD 600 ϭ 0.5) were harvested by centrifugation. Cells were washed once with cold PBS and frozen in Ϫ80°C until use. A total of 1 ml lysis buffer (PBS, 1 mM EDTA, 1% Nonidet P-40) with protease inhibitors (2 g/ml aprotinin, 2 g/ml leupeptin, 1 mM PMSF, 1 mM benzamidine) was used to resuspend the frozen cell pellet. The cell mixture was transferred to a 15-ml Falcon tube containing 400 l glass beads (500 m in diameter, Sigma). The tubes were vortexed at 4°C for 10 min. Supernatants were collected after centrifugation at 750 ϫ g for 5 min at 4°C, followed by another centrifugation at 10,000 ϫ g for 10 min at 4°C. A total of 5 mg total WCL (determined by Bradford assay) in 1 ml was used for immunoprecipitation experiments. A total of 5 g rabbit HA antibody was added, and immunocomplexes were allowed to form with rotation for 2 h at 4°C. Forty microliters of a 50% slurry of protein A-agarose was then added and incubated another 2 h. Agarose beads were washed with lysis buffer (without protease inhibitors) four times, and the beads were boiled in LDS Sample Buffer (Invitrogen) for 2 min. Immunoprecipitates were resolved by SDS/PAGE, transferred to a nitrocellulose membrane, and probed with indicated antibodies. HRP-labeled secondary antibodies were detected by ECL detection kit (Amersham).
Sypro Ruby Staining. NuPage Bis-Tris gels (Invitrogen) were fixed in 50% methanol, 7% acetic acid for 1 h. The gel was then stained overnight in Sypro Ruby protein gel stain (Molecular Probes). After washing the gel in 10% methanol, 7% acetic acid, the stain was excited at 532-nm wavelength by Typhoon 9400 Imager (Amersham Biosciences). Band intensity quantification was performed with ImageQuant 5.2 (Molecular Dynamics).
Dihydroethidium Staining. Exponentially growing diploid cells were stained with 15 g/ml of dihydroethidium (DHE) in YPD for 1 h. Cells were washed once in PBS, reinoculated in PBS, and analyzed on a FACSCalibur flow cytometer (Becton Dickinson) through the FL-2 channel. For each strain, median background fluorescence without DHE was subtracted from the intensity of oxidized DHE.
Fpr1 Overexpression. Fpr1 gene was amplified from genomic DNA, along with 600 bp before the start codon and 600 bp after the stop codon. The PCR product was ligated into a multicopy 2-based plasmid pRS426 that bears a hygromycin B cassette. The plasmid was transformed into diploid cells, and it was maintained in cells by including 200 g/ml hygromycin B in the media.
WCL Binding to Fpr1-Coated Beads. Genomically encoded Fpr1-HA was immunoprecipitated from about 10 billion cells using 20 g anti-HA antibody, as described above. A total of 20 mg WCL from fpr1⌬, fpr1⌬sod1, and fpr1⌬gln3⌬ strains was prepared as described above. Each WCL was split in two: one received no rapamycin and the other received rapamycin at a final concentration of 1 g/ml. To each WCL tube, an equal amount of Fpr1-coated agarose beads was added. The final incubation volume was 1 ml. The binding was allowed to take place on a rocking platform for 16 h at 4°C. The beads were washed and processed for Western blot analysis as described above.
